














We	 consider	 the	 long-term	 relationship	 between	 human	 demography,	 food	 production	 and	
Holocene	 climate	 via	 an	 archaeological	 radiocarbon	 date	 series	 of	 unprecedented	 sampling	
density	and	detail.	There	is	striking	consistency	in	the	inferred	human	population	dynamics	across	
different	 regions	 of	 Britain	 and	 Ireland	 during	 the	 middle	 and	 later	 Holocene.	 Major	 cross-
regional	population	downturns	in	population	coincide	with	episodes	of	more	abrupt	change	in	
north	Atlantic	climate	and	witness	societal	responses	in	food	procurement	as	visible	in	directly	
dated	 plants	 and	 animals,	 often	 with	 moves	 towards	 hardier	 cereals,	 increased	 pastoralism	
and/or	gathered	resources.	For	the	Neolithic,	this	evidence	questions	existing	models	of	wholly	





concern	 in	need	of	high-resolution,	 long-term	perspectives.	Archaeological	 radiocarbon	dates	
have	 increasingly	been	used	to	reconstruct	past	population	dynamics,	and	Britain	and	 Ireland	
provide	 both	 radiocarbon	 sampling	 densities	 and	 species-level	 sample	 identifications	 that	
are	 globally	 unrivalled.	 We	 use	 this	 evidence	 to	 demonstrate	 multiple	 instances	 of	 human	
population	downturn	over	the	Holocene	that	coincide	with	periodic	episodes	of	reduced	solar	








The	 relationship	 between	 human	 population	 dynamics,	 crises	 in	 food	 production	 and	 rapid	
climate	 change	 is	 a	 pressing	 modern	 concern	 in	 considerable	 need	 of	 higher	 resolution,	
chronologically-longitudinal	perspectives.	We	have	collected	a	large	series	of	radiocarbon	dates	
from	archaeological	sites	in	Britain	and	Ireland,	which	is	a	globally	unique	region	for	(a)	its	high	
density	 of	 archaeological	 radiocarbon	 sampling,	 (b)	 its	 unusually	 high	 proportion	 of	 well-
identified	botanical	and	faunal	material	and	(c)	its	balance	of	dates	from	both	research	projects	
and	rescue	archaeology.	For	the	first	time,	this	high-resolution	evidence	can	be	considered	over	
four	 different	 geographic	 regions	 and	 a	 broad	 Holocene	 timespan	 as	 a	 proxy	 for	 human	
demographic	variability	and	subsistence	 response.	We	 identify	 several	episodes	of	 regionally-
consistent	population	decline	–	the	later	4th	millennium	BCE,	the	early	1st	millennium	BCE	and	
the	 13th-15th	 century	 CE	 respectively	 –	 that	 also	 appear	 associated	 with	 episodes	 of	 rapid	
Holocene	 climate	 change	 towards	 more	 unstable,	 cooler-wetter	 conditions.	 We	 also	




















publications	 and	 grey	 literature	 reports,	 while	 also	 recording	 information	 about	 sample	
provenance,	context	and	material/species	(figure	1).	The	changing	intensity	of	this	anthropogenic	




Looking	 at	 the	 overall	 summed	 distribution	 (figure	 1C),	 there	 is	 a	 dramatic	 upswing	 in	
radiocarbon	dates	ca.4000-3850	BCE	that	coincides	closely	with	the	first	arrival	of	Early	Neolithic	










(the	 last	 part	 of	 the	 Bronze	 Age),	 there	 is	 then	 another	 striking	 decline	 and,	 while	 a	 higher	
uncertainty	in	the	calibration	curve	at	this	point	inhibits	precise	characterisation	of	timing	and	




well	be	valid	 in	Scotland	and	 Ireland	(see	below	and	Supplementary	 Information	2).	After	the	
Roman	period,	 there	 is	evidence	 for	 sustained	early	Medieval	 growth,	 followed	by	an	abrupt	
decline	 approximately	 consistent	 with	 the	 demographic	 collapse	 surrounding	 the	 historically	
well-documented	episodes	of	the	Great	Famine	and	Black	Death	(~1270-1450	CE).	
	
This	 radiocarbon	 record	 can	 be	 further	 disaggregated	 into	 sub-regions	 (following	 commonly	
proposed	divisions,	5)	 to	consider	 local	consistency	with,	or	departure	 from,	the	pan-regional	
pattern	 (figure	 2).	 Restricting	 comparison	 to	 the	 post-Mesolithic	 period	where	 dynamics	 are	
more	abrupt,	north-west	England/Wales	versus	Scotland	exhibits	the	highest	pairwise	correlation	
(with	the	range	among	all	regional	pairs	being	r=0.69-0.86),	while	Ireland	exhibits	more	volatile	
dynamics	 than	 the	 others	 (CV=0.52,	 with	 the	 range	 of	 the	 other	 three	 being	 0.39-0.42).	 In	
addition,	the	specific	local	radiocarbon	trends	exhibited	by	a	given	region	in	excess	or	deficit	of	
the	 cross-regional	 pattern	 typically	match	 very	 well	 with	 that	 region’s	 known	 archaeological	
record,	such	as	the	very	reduced	archaeological	evidence	from	Ireland	in	the	Roman	period	~1-
400	CE	and	then	sharper	than	average	upward	Irish	growth	~400-800	CE	in	a	period	of	both	peak,	












suggests	 that	 an	 exogenous	 cause	 is	 likely	 for	 all	 three	 observed	 episodes	 of	 cross-regional	
population	 stagnation	 during	 (a)	 the	 end	 of	 the	 Early	Neolithic,	 (b)	 the	 final	 Bronze	Age	 and	
earliest	 Iron	Age,	 and	 (c)	 the	 late	Medieval,	 associated	with	 relatively	 rapid	 changes	 towards	
more	unstable	conditions	in	Britain	and	Ireland,	as	well	as	colder	winters	and	wetter	summers.	





stormier,	 winter-like	 conditions	 and	 the	 increased	 dominance	 of	 Atlantic	 westerlies	 (17-19).	
Broadly	coincident,	later	Holocene	changes	are	also	observable	in	North	Atlantic	oceanic	regimes	
as	 separately	 exhibited	 by	 increased	 ice-rafted	 surface	 debris	 and	 reduced	 deep-water	
contributions	 (20-22).	 This	 evidence	 collectively	 suggests	 quasi-periodic	 solar-forcing	 of	
atmospheric	 and	 oceanic	 circulation	 with	 wider	 climatic	 consequences,	 associated	 with	
accentuated	 Siberian	 Highs	 and	 Icelandic	 Lows.	 We	 argue	 that	 these	 reorganisations	 have	
repeatedly	exerted	downward	pressure	on	human	population	in	certain	parts	of	north-western	
Europe	as	evident	for	three	decline	phases	in	the	high-resolution	British	and	Irish	archaeological	
radiocarbon	 record.	 It	 is	 very	 probable	 that	 similarly-timed	 impacts	 were	 felt	 by	 human	




is	 likely	 to	 be	 exacerbated	 food	 production	 from	 reduced	 growing	 degree	 days	 for	 cereal	
agriculture	 and	 increased	 risk	 of	 crop	 loss	 and	 food	 insecurity	 due	 to	 storms.	 However,	
accompanying	social	dislocation	and	intensified	epidemic	outbreaks	are	possible	accompanying	
phenomena.	By	contrast,	intervening	episodes	of	climatic	amelioration	may	have	provided	good	




Radiocarbon-dated	plant	 and	 animal	 food	 sources	 further	provide	 an	unusually	well-resolved	
time	series	of	potential	changes	in	British	and	Irish	food	production	(figure	4),	as	long	as	we	are	
careful	to	consider	the	possible	confounding	effects	of	changing	human	depositional	practices	











once	more.	Barley	 (Hordeum	 sp.)	 is	 a	hardier	 cereal	 species	which	also	arrives	as	part	of	 the	
earliest	 farming	activity	and	 is	present	throughout	 later	periods.	 It	 is	 less	popular	than	wheat	
early	 on,	 but	 far	more	 visible	 during	 the	Middle-Late	Neolithic	 period	 of	 inferred	 population	





sown,	 back-up	 crops,	 especially	 after	 initial	 harvest	 failures	 is	 also	 well-known	 from	 Great	
Famine/Black	Death	era,	English	manorial	accounts	(27).	Radiocarbon	samples	for	individual	food	
animal	 species	 are	 fewer	 and	 encompass	 a	 wider	 range	 of	 meat,	 hide,	 wool	 and	 dairying	














two	 of	 the	 inferred	 episodes	 of	 demographic	 stagnation	 and	 climate	 downturn:	Middle/Late	
Neolithic	and	Late	Bronze	Age/Early	Iron	Age.	In	the	former	episode	(after	~3500	BCE),	barley	
takes	 over	 as	 a	 hardy	 alternative	 cereal	 resource	 during	 the	 initial	 phase	 of	 demographic	
decline/stagnation,	but	then	gathered	hazelnuts	and	cattle	herding	become	dominant	strategies	
during	the	later	stages	and	as	population	slowly	rebounds.	These	indicators	are	consistent	with	
what	 we	 know	 from	 larger,	 indirectly	 dated	 bone	 and	 crop	 samples	 from	 environmental	
archaeology	(Supplementary	Information	3).	For	the	latter	episode	(after	~1000	BCE),	changes	
occur	over	what	appears	to	be	a	shorter	period,	but	again	there	are	proportional	 increases	in	
barley,	 animal	 products	 and	 possibly	 hazelnuts,	 and	 overall	 decline	 in	wheat.	Underlying	 the	





consistent	with	 two	alternative	 responses	 to	harvest	 failure	attested	 in	historical	 periods:	 (a)	
resource	 switching	 to	 back-up	 crops	 in	 some	 areas	 (or	 by	 certain	 social	 groups)	 but	 also	 (b)	
continued	speculation	by	others	on	high	value	wheat	production	as	wider	demand	for	it	spikes.	
South-eastern	 England	 would	 also	 be	 the	 area	 that	 retained	 the	 most	 amenable	 weather	
conditions	under	climate	downturn.	For	the	Late	Medieval	period,	crop	and	animal	sample	sizes	
from	radiocarbon	dates	are	much	lower	and	the	radiocarbon	evidence	therefore	more	equivocal,	
but	 contemporary	 documentary	 sources	 point	 clearly	 to	 heavily	 adjusted	 plant	 and	 animal	
husbandry	 in	 the	 period	 1270-1450	CE	 (28).	 They	 also	 offer	 an	 important	 empirical	 basis	 for	
causal	 linkages	 between	decreased	weather	 stability	 and	 lower	 temperatures,	 declining	 food	
supply	per	capita,	and	further	lagged	human	consequences	such	as	multi-year	famines,	human	
and	animal	epidemics,	widespread	cereal	market	speculation,	labour	shortages	and	agricultural	
dis-intensification,	 increased	 violent	 conflict	 and	 overall	 population	 decline	 (29).	 Given	 these	
	 6	
linkages,	 it	 is	 striking	 that	 the	while	 a	 naïve	 assumption	might	 be	 that	 food	 production	 and	
resource	 switching	 strategies	 should	 have	 become	 more	 successful	 as	 they	 became	 more	
technologically	sophisticated	through	time,	the	population	consequences	of	climate	downturns	







things,	 demonstrates	 at	 least	 three	 regionally-consistent	 episodes	 of	 population	 downturn.		
While	other	Holocene	climate	changes	may	also	have	had	human	 impacts	 in	 this	 region,	and	
other	European	regions	need	not	have	responded	 in	the	same	way,	 these	shared	episodes	of	
demographic	change	match	quasi-period	shifts	to	more	unstable	weather	regimes	in	the	north	
Atlantic	 and	well-known	solar	 grand	minima.	 Furthermore,	each	downturn	across	Britain	and	
Ireland	was	of	varying	longer-term	consequence,	with	subsistence	responses	such	as	resource-
switching	and	food	diversification	that	varied	through	time.	Exogenous	climatic	factors	appear	
more	 likely	 to	account	 for	 these	 consistencies	 than	endogenous	population	over-reach	on	 its	
own,	 although	 both	 these	 processes	 may	 well	 have	 operated	 in	 tandem.	 In	 any	 case,	 both	




A	radiocarbon	date	 is	a	measurement	of	 residual	 radioactivity	 in	a	sample	containing	carbon,	
with	the	most	widely	cited	measurement	being	a	‘conventional	radiocarbon	age’	that	has	been	
corrected	 for	 carbon	 isotopic	 fractionation	 (30).	 This	 age	 has	 a	 measurement	 error	 that	 is	
typically	assumed	to	be	a	Gaussian	distribution.	Calibrating	this	radiocarbon	age	against	observed	
variability	in	atmospheric	radiocarbon	through	time	(as	documented	by	known	standards	which	
are	mostly	 tree-ring	 sequences	 for	 the	Holocene	 [31])	produces	a	post-calibration	probability	
distribution	which	 is	 irregular	due	to	 the	non-linear	shape	of	 the	calibration	curve	 (32).	For	a	
regional	dataset	of	many	such	calibrated	probability	distributions,	it	has	become	commonplace	
to	 sum	 them,	 under	 the	 assumption	 that	 a	 large	mass	 of	 probability	 in	 certain	 parts	 of	 this	
aggregate	time	series	offers	a	proxy	for	greater	overall	anthropogenic	activity	and	higher	human	
population	in	that	timespan	(6).	Concerns	that	certain	archaeological	sites	or	site	phases	have	











creates	abrupt	 spikes	 in	 the	summed	probability	distributions	at	points	where	 the	calibration	
curve	 is	steep	(34).	We	have	therefore	chosen	not	to	rescale	the	calibrated	date	distributions	
before	 summation,	 but	 address	 the	 methodological	 implications	 in	 greater	 detail	 in	 SI,	 and	







Neolithic,	 pre-Roman	upper	 bound	 to	 population	 growth.	 The	model	 of	 expected	 population	





date	of	a	given	sample	but	shuffles	 its	 label	 (e.g.	 the	geographic	 region	 it	 comes	 from	or	 the	
material	type/species	of	the	sample).	This	permutation	test	creates	conditional	random	sets	(e.g.	
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in	 south-eastern	 England.	 The	 overall	 dataset	 provides	 an	 average	 of	 555	 post-Mesolithic	
archaeological	dates	per	100	years	which	 is	at	 least	an	order	of	magnitude	higher	 than	most	
studies	 involving	 summed	 radiocarbon	 so	 far.	 Even	 so,	 there	 are	 clear	 biases	 arising	 from	






unusually	 good	mix	 of	 dates	 from	 both	 developer-led	 archaeology	 and	 traditional	 academic	
research	 projects,	 certain	 well-resourced	 archaeological	 sites	 have	 garnered	 unusual	
concentrations	of	dates	(e.g.	the	Neolithic	flint-mining	site	at	Grimes	Graves	with	307	dates).	As	














form	 via	 two	 uncalibrated	 dates	 falling	 at	 flat	 and	 steep	 portions	 of	 the	 calibration	 curve	




is	 smaller	 if	 the	date	 falls	 at	a	 steeper	portion	of	 the	 calibration	curve	and	 larger	at	a	 flatter	
portion	 (Figure	 S1A-B).	 For	 many	 radiocarbon	 modelling	 situations,	 this	 histogram	 is	 then	
rescaled	to	1	under	the	curve	to	ensure	 it	can	be	treated	as	a	standard	probability.	However,	
when	 normalised	 in	 this	 way,	 the	 resulting	 summed	 densities	 produce	 pronounced	 spikes	
coincident	with	steep	portions	of	the	calibration	curve	where	a	wider	set	of	uncalibrated	ages	
(with	 their	 accompanying	measurement	 errors)	 converts	 to	 a	 narrower	 set	 of	 calendar	 years	
(34,36).	 A	 clear	 example	 is	 offered	 by	 a	 hypothetical	 dataset	 with	 one	 dated	 sample	 per	
uncalibrated	 year	 and	 a	 consistent	measurement	 error.	Without	 normalisation,	 this	 uniform	
distribution	 on	 the	 uncalibrated	 scale	 converts	 to	 a	 uniform	 distribution	 on	 the	 calibrated	
calendrical	 scale	 (with	 internal	 mixing	 of	 these	 densities	 given	 both	 the	 date	 errors	 and	
reticulated	nature	of	the	calibration	curve),	while	in	contrast	it	converts	to	a	spikey	distribution	
when	 dates	 are	 normalised	 (Figure	 S1C).	 Although	 there	 are	 methodological	 strengths	 and	
weaknesses	 in	 either	 case,	we	here	have	 followed	Weninger	 et	 al.	 (34)	 in	 leaving	probability	
densities	unnormalised	to	avoid	such	spikes.	Figure	S1D	demonstrates	that	the	choice	of	one	or	
the	other	approach	does	lead	to	certain	differences	in	the	British	and	Irish	time	series,	with	the	
normalised	 version	 exhibiting	 a	 more	 extreme	 Early	 Neolithic	 increase/decrease,	 a	 more	
sustained	Late	Bronze	Age/Early	Iron	Age	decrease	and	a	slight	lateral	offset	in	the	declines	in	
later	periods.	However,	overall,	the	summed	distributions	remain	similar,	as	also	do	this	study’s	









industries,	 and	 are	 part	 of	 the	 wider	 late	 Magdalenian	 re-occupation	 of	 northern	 Europe	
following	the	retreat	of	the	ice	sheets	(37).	Thereafter,	it	remains	unclear	whether	occupation	
was	continuous	in	Britain	through	the	renewed	cold	phase	of	the	Younger	Dryas	(~10900-9700	





















in	 central	 and	 western	 Europe	 ~5500	 BCE.	 The	 genomic	 evidence	 also	 indicated	 that	 the	























material	 culture	 styles	 in	 both	 Britain	 and	 Ireland	 and	 the	 earliest	 evidence	 of	 local	 copper	
production	(e.g.	Bell	Beaker	context	at	Ross	Island	in	south-west	Ireland	from	~2400	BCE,	[46]).	








immigration	 (3)	 and	 recent	 genomic	 evidence	 suggests	wholesale	 (>90%)	 replacement	of	 the	
preceding	Neolithic	population	over	just	a	few	centuries	(4).	It	certainly	marks	the	beginning	of	a	
new	 phase	 of	 population	 growth	 that	 led	 to	 radiocarbon-inferred	 population	 levels	 at	 least	




Over	 the	 course	 of	 the	 2nd	 millennium	 BCE,	 there	 is	 divergence	 in	 the	 inferred	 population	
trajectories	of	the	four	different	regions,	with	a	steady	decline	from	the	peak	in	Scotland	and	in	
Wales	and	northern	and	western	England	 to	a	 low	point	early	 in	 the	1st	millennium,	while	 in	
Ireland	and	southern	and	eastern	England	a	high	level	is	largely	maintained	until	c.1000	BCE,	after	
which	a	precipitous	drop	follows.	 In	the	southern	and	eastern	zone,	 there	 is	evidence	for	the	
laying	 out	 of	 extensive	 (so-called	 ‘co-axial’)	 field	 systems	 from	 ~1600	 BCE,	 which	 are	 then	
replaced	in	many	areas	by	larger	scale	subdivisions	after	~1100	BCE	(so-called	‘ranch	boundaries’	
[48]).	Away	from	this	zone	there	is	much	more	continuity	with	what	went	before.	From	~1500	
BCE	 it	seems	that	there	 is	a	decline	 in	 local	copper	production	and	an	 increase	 in	continental	




Ireland.	 The	 first	 hillforts	 and	 enclosures	 appear	 and	 there	 is	 a	 proliferation	 of	 ‘ringworks’,	
circular	 enclosures,	 some	with	 ramparts,	 containing	 round	 houses	 that	may	 have	 been	 high-
status	residences;	they	also	have	evidence	for	weapon	production	and	deposition.	In	Ireland,	the	
artificial	 islands	 known	 as	 crannogs,	 whose	 main	 activities	 seem	 to	 have	 been	 feasting	 and	
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in	 this	 paper.	 The	 demographic	 trough	 beginning	 ~900-800	 BCE	 (with	 uncertainty	 about	 the	
shape	and	duration	of	the	downturn	thereafter,	due	to	the	flat	shape	of	the	calibration	curve	
here)	sees	inferred	populations	drop	to	as	much	as	half	of	their	previous	peak	in	southern	and	








mobile	 and	 pastoral	 economy	 reflected	 in	 a	 long-term	 shift	 in	 settlement	 patterns	 and	 the	
abandonment	of	pottery	(49).	Subsequently,	the	renewed	boom	in	all	regions	in	the	last	centuries	
BCE	is	reflected	in	evidence	for	more	intensive	use	of	certain	landscapes	and	environments	that	






























that	 two	 individuals	were	most	 probably	 recent	 immigrants,	with	 affinities	 to	modern	Dutch	
populations,	one	was	of	local	origin,	genetically	close	to	British	samples	of	Iron	Age	date,	and	one	
showed	 a	mixed	 pattern	 of	 the	 kind	 that	would	 result	 from	 interbreeding	 between	 the	 two	
populations.	Three	individuals	from	the	Middle	Saxon	cemetery	of	Hinxton,	in	the	same	region,	
were	of	entirely	immigrant	ancestry	and	suggest	continued	immigration	up	to	the	8th	century.	A	


















population	 more	 than	 tripled	 between	 the	 end	 the	 Late	 Iron	 Age,	 ~400	 CE,	 and	 900	 CE.	 In	
settlement	 terms	 this	 period	 was	 characterized	 by	 monastic	 centres,	 following	 the	
Christianisation	of	Ireland	in	the	5th	century	CE,	and	ringforts	(raths	or	cashels),	circular	ramparts	
of	 earth	 or	 stone	 for	 the	 protection	 of	 cattle-enclosing	 buildings,	 believed	 to	 be	 family	
farmsteads,	of	which	an	estimated	50,000	are	thought	to	have	once	existed	(57).	However,	recent	















larger	 body	 of	 zooarchaeological	 and	 archaeobotanical	 evidence	 dated	 indirectly	 via	
archaeological	stratigraphy,	associated	artefacts	and/or	absolute	dates	on	other	materials.		Here,	





western	Britain	 than	 it	 is	elsewhere	or	overall,	while	 the	proportion	of	barley	dates	 is	 locally	
higher	in	Scotland,	and	wheat	is	highest	in	south-eastern	Ireland	and	southern	England.	Animal	
dates	are	in	general	more	widely	spread	(and	prone	to	effects	from	smaller	sample	sizes),	but	
those	 on	 cattle	 bones,	 for	 example,	 are	 unusually	 common	 in	 northern	 and	 eastern	 Ireland.	
Figures	4	and	S4	 complement	 this	 spatial	perspective	by	providing	a	 chronologically-sensitive	
view	of	changing	species	proportions	from	directly	dated	samples	(along	with	permutation	tests	
in	 figures	 S5-7).	 In	 addition,	 Table	 S1	 provides	 information	 on	 the	 main	 cereal	 crops	 and	
































sites	 indicates	 that	 coarsely	 ground	cereals	were	 cooked	with	wild	plants,	 including	nuts	and	











the	end	of	 the	5th	millennium	BCE,	 slightly	ahead	of	other	 Irish	Neolithic	evidence:	while	 this	
isolated	data	should	be	treated	cautiously,	it	may	imply	occasional	late	Mesolithic	introduction	













European	 subsistence	 systems	 from	 later	 historical	 periods.	 There	 is	 an	 absence	 of	 obvious	
storage	 pits,	 extremely	 limited	 evidence	 for	 glume	 bases	 indicative	 of	 routine	 dehusking,	 a	
continued	prominence	of	wild	 food	 remains,	and	only	 sparse	evidence	 for	querns	and	sickles	
(70,79-81).	 Weed	 assemblages	 suggest	 a	 dominant	 role	 for	 small,	 intensively-managed	







The	 Middle	 and	 Late	 Neolithic	 sees	 a	 shift	 in	 the	 archaeobotanical	 and	 zooarchaeological	
evidence	that	has	previously	been	linked	to	possible	population	downturn	and	increased	reliance	
on	wild	 food	resources	and	pastoralism,	 in	England	and	 Ireland	especially	 (7,65-66,74).	While	




Neolithic	 (figure	4D,	main	text)	of	which	cattle	are	the	most	obvious	 (figure	S4A).	Scotland	 in	
















are	 visible	 in	both	 regions	after	~2000	BCE	and	especially	 from	~1650	BCE	onwards	with	 the	
arrival	of	a	slightly	wider	set	of	crops	(e.g.	first	dated	instances	of	spelt	wheat,	Triticum	spelta	
and	Celtic	bean,	Vicia	faba),	the	clear	reappearance	of	Irish	cereal	agriculture,	and	the	uptake	of	
many	elements	of	what	are	 later	viewed	as	key	 features	of	 full-scale	agriculture,	 such	as	 the	
common	use	of	 saddle	querns	 for	 cereal	processing;	metal	 sickles	 for	harvesting,	 above-	 and	
below-ground	granaries,	and	extensive	mixes	of	roundhouses	and	field	systems	over	large	tracts	
of	 south-east	 England	 especially	 (44,70,90-94).	 The	main	 crops	 are	 barley,	 emmer	 and	 spelt	
wheat,	with	the	latter	increasing	in	prominence	in	many	parts	of	England,	but	rare	in	Ireland	and	









expansion	 into	new	upland	 landscapes.	The	presence	of	 spindle	whorls	and	 loom	weights	on	
















Britain	 and	 also	 nearby	 continental	 Europe	 [105]).	 For	 example,	 Celtic	 bean	 becomes	 more	
obvious	in	multiple	assemblages	in	south-eastern	England	over	the	Late	Bronze	Age/Early	Iron	
Age	 transition,	 including	 some	 near	 pure	 caches	 of	 thousands	 of	 specimens	 (106),	 with	 pea	
(Pisum	 sativum)	 also	 very	 visible.	 Together	 these	 two	 plants	 suggest	 possible	 new	 or	 newly-






of	 England	 and	 hulled	 barley	 dominant	 in	 Ireland	 and	 Scotland	 (95,107-109).	 Free-threshing	





(e.g.	 trading	 centres	 [111]).	 Whilst	 fish	 bones	 are	 not	 common	 on	 Iron	 Age	 sites,	 they	 are	
noticeable	on	Scottish	island	and	coastal	sites	(63,112).		
	




and	 Ireland	 (107,114).	 Free-threshing	 wheats	 are	 still	 rare,	 except	 in	 certain	 well-connected	
towns	 such	 as	 London	 (115-116),	 while	 there	 is	 also	 the	 first	 conclusive	 evidence	 for	
domesticated	rye	 (Secale	cereale)	and	oats	 (Avena	sativa	 [95-96,117]).	Various	plants	used	as	
condiments	or	edible	 fruits	become	more	common	on	Romanised	sites	but	are	 likely	 to	have	
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been	imported	rather	than	grown	locally	(e.g.	fig,	pine	nut	and	olive),	with	the	exception	being	


























before	were	occasionally	 found	on	Romanised	 sites,	 gradually	 become	agricultural	mainstays	






changes	 to	 both	 agricultural	 technology	 and	 landscape	organisation.	 For	 example,	watermills	
become	more	obvious	from	~600-800	CE	in	both	England	and	Ireland,	even	if	primarily	associated	
with	 royal/monastic	 initiatives	 (132).	 More	 importantly,	 there	 is	 piecemeal	 introduction	 of	
heavier,	more	complex	ploughs	 (with	coulters	and	sometimes	also	mouldboards),	such	as	the	
early	example	found	at	Lyminge,	Kent	from	the	first	half	of	the	7th	century	CE	(133)	and	as	implied	
by	weed	 species	 assemblages,	 early	 ridge-and-furrow	 fields	 and	 (by	 the	 later	 tenth–eleventh	
century	CE)	illuminated	manuscripts	(128).	In	Ireland,	ploughs	with	coulters	seem	likely	by	the	
10th	 century	 CE,	 with	 the	mouldboard	 perhaps	 only	 introduced	 in	 the	 Anglo-Norman	 period	
(128,134).	 Despite	 these	 changes,	 there	 continues	 to	 be	 considerable	 diversity	 of	 landscape	




behaviour	and	property	 rights,	with	 the	well-known	 ‘three-field’	Medieval	agricultural	 system	
still	not	well-understood	(126,135),	but	likely	to	have	roots	in	England	prior	to	the	Domesday	tax	
census	(1086	CE),	consistent	with	the	wider	Early	Medieval	evidence	for	more	complex	ploughs,	
oats	 and	 rye	 and	more	 legumes	 suitable	 for	 crop	 rotation	 and/or	multiple	 sowings	 (136).	 In	






Our	understanding	of	 food	production	 strategies	 in	 the	 later	Medieval	 period	 is	 considerably	
enhanced	 by	 the	 presence	 of	 detailed	 documentary	 evidence	 in	 England,	Wales	 and	 Ireland.	
These	 records,	 especially	 from	manorial	 estates,	 stress	 detailed	 agronomic	 knowledge,	 rapid	
responsiveness	to	both	weather	and	cereal	market	prices,	as	well	as	complex	decision-making	
about	crop	mixes,	spring	versus	winter	sowings,	manuring,	labour	intensification,	field	rotation,	
etc.	 (27).	 They	 and	 wider	 ethnohistorical	 evidence	 (139)	 also	 emphasise	 that	 impacts	 from	
agrarian	 famines	 differ	 depending	 on	 regionally-varying	 land	 and	 livestock	 tenure	 structures,	





















































































(6-row)	 x	 x	 x	 x	 x	 x	 short	 medium	 good	 good	 medium	
Naked	Barley	
(6-row)	 x	 x	 o	 o	 o	 x	 short-med	 poor	 v.good	 good	 medium	
Barley	(2-row)	 -	 -	 -	 -	 -	 x	 medium	 medium	 good	
good-
v.good	 poor	
Einkorn	 o	 -	 -	 -	 -	 -	 long-v.long	 ?good*	 v.poor	 v.good	 poor	
Emmer	Wheat	 x	 x	 x	 x	 o	 ?	 long	 good	 med-poor	 medium	 medium	
Spelt	Wheat	 -	 x	 x	 x	 x	 x	 long	 med-poor	 med-good	 medium	 med-good	
Free-threshing	
Wheat	
(tetraploid)	 x	 ?	 ?	 ?	 ?	 x	 long	 poor	 poor	 poor	 good	
Free-threshing	
Wheat	
(hexaploid)	 -	 ?	 o	 o	 x	 x	 med-long	 poor	 medium	 poor	 good	
Oats	 -	 -	 -	 o	 x	 x	 short-med	 good	 good	 v.good	 med-poor	
Rye	 -	 -	 -	 o	 x	 x	 long-v.long	
med-




























combined	 and	 compared	 to	 differentiate	 autogenic	 signals	 (noise)	 from	 more	 regionally	





is	 also	 clear	 that	 they	both	exhibit	 considerable	 variation	and	 suffer	 from	varying	degrees	of	
dating	uncertainty.	
	
Despite	these	caveats,	 there	 is	good	corroborating	evidence	for	unstable,	 then	colder,	wetter	
conditions	 in	 north-western	 Europe	 coincident	 with	 the	 three	 main	 phases	 of	 suggested	
population	 downturn	 considered	 in	 the	main	 text.	 Amongst	 others,	 the	 later	 4th	millennium	
downturn	finds	support	from	changing	Swiss	lake	levels	and	shifts	to	wild	game	hunting	in	Swiss	
lake	villages	(156,165),		peat	formation,	pine	recolonisation	and	bog	oak	tree-rings	in	Ireland	(166-
168),	 extreme	 storm	 events	 in	 coastal	 sediment	 archives	 in	 Brittany	 (169),	 and	 aggregate	









decline	 in	 the	 former	appears	 to	post-date	the	observed	decline	 in	 the	 latter,	climate	change	
cannot	be	causal.	However,	it	is	not	at	all	clear	(a)	that	we	can	assign	such	chronological	priority	
in	this	notoriously	flat	part	of	the	calibration	curve,	or	that	bog	wetness	indices	might	not	lag	




Pestilence	 Epidemics	 (1315-21)	 and	 Black	 Death	 (1348-51	 [178-181])	 all	 with	 plausible	
mechanisms	for	how	they	might	be	climate-related.	Downturns	in	Icelandic	population	and	the	
abandonment	of	Norse	Greenland	settlements	are	also	further	well-known	pieces	of	evidence	




density	 to	 records	 of	 land-cover	 change,	 as	 reconstructed	 via	 pollen	 analysis	 and	 age-depth	
modelling	 from	 sedimentary	 sequences.	 Britain	 and	 Ireland	 have	 a	 long	 tradition	 of	 pollen	
analysis	 and	 over	 2000	 palynological	 sequences	 are	 known	 (169).	 There	 are	 a	 variety	 of	
qualitative	or	 semi-quantitative	ways	 to	 infer	 land	cover	and	 land	use	 from	pollen	sequences	
(183-184),	 but	 the	 best	 quantitative	 estimates	 of	 land	 cover	 for	 individual	 pollen	 taxa	 use	
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for	 contiguous	 200-year	 time	windows	 from	 8000	 BCE	 to	 present.	 	 Figure	 S8,	 compares	 the	
REVEALS	 results	 to	 the	 summed	 archaeological	 radiocarbon	 distribution	 and	 several	 regional	
climatic	 proxies.	 Overall	 woodland	 cover	 is	 stable	 at	 around	 60-70%	 throughout	 the	 earlier	
Holocene	up	to	~4200-4000	BCE,	but	then	open	ground	taxa	increase	approximately	coincident	
with	 the	 increase	 in	 archaeological	 radiocarbon	 at	 the	 start	 of	 the	 Early	 Neolithic	 (196).	
Specifically,	there	is	a	suggested	doubling	of	the	amount	of	grassland	(in	particular	Poaceae)	at	
the	start	of	the	Early	Neolithic	from	12%	to	24%	land	area,	with	clearance	of	shade-intolerant	
woodlands	 (e.g.	 hazel:	Corylus)	 and	areas	of	 elm	 (Ulmus).	 Following	 the	 radiocarbon-inferred	
population	peak	at	~3700	BCE,	grassland	appears	 to	decrease,	 followed	by	a	period	between	
3600-2200	 BCE,	 when	 vegetation	 remains	 broadly	 stable.	 There	 is	 no	 clear	 signal	 in	 the	
vegetation	 cover	 data	 for	 any	 abrupt	 ~3250	 BCE	 (‘5.3/5.2ka’)	 climatic	 event	 (167-168),	 but	
gradual	increase	in	heathland	likely	reflects	a	regional	expansion	of	peatland,	while	growing	cover	
of	ash	(Fraxinus,	a	secondary	succession	species)	possibly	indicates	some	woodland	regrowth	(for	




which	 is	 in	 step	 with	 the	 broader	 pattern	 observed	 across	 Europe	 by	 several	 recent	 semi-
quantitative	 and	 quantitative	 studies	 (183,195,198).	 The	 expansion	 of	 grassland	matches	 an	
increase	in	archaeological	date	densities	but	with	a	clear	lag	consistent	with	the	earliest	phases	
of	Chalcolithic	demographic	expansion	continuing	to	be	more	reliant	on	livestock,	dairying	and	
gathered	 foods,	with	 cereal	 agriculture	only	building	 in	 intensity	more	 slowly	up	 to	a	Middle	
Bronze	 Age	 peak	 (which	 saw	 the	 first	 definite	 evidence	 for	 enclosed	 fields:	 figure	 S2).	 The	
increasing	visibility	of	the	common	pasture	weed	Plantago	lanceolata	supports	the	assertion	of	
improved	grassland	and	intensified	land	use	(184)	and	the	peak	of	openness	at	1400-1200	BCE	









well	 as	evidence	 for	agrarian	 restructuring	 (see	above).	 From	 the	 Iron	Age	~500	BCE	 there	 is	
sudden	expansion	of	grassland	cover	and	increases	in	cereal	pollen,	consistent	with	the	recovery	
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visible	 in	 the	 directly	 dated	 radiocarbon	 cereal	 samples	 and	 also	 evidence	 for	 the	 increasing	
importance	 of	 sheep	 and	 goats	 (main	 text	 figure	 4,	 figure	 S4B).	 After	 a	 period	 of	 relative	
vegetation	 stability	 during	 the	 Roman	 period,	 the	 post-Roman	 period	 sees	 a	 replacement	 of	
grassland	with	heathland	until	800-1000	CE,	at	which	point	grassland	re-expands	at	the	expense	
of	all	woodland	cover.	There	appears	to	be	far	less	of	a	clear	relationship	between	the	expansion	
of	 grassland	 and	 demography,	which	might	 reflect	more	 complex	 and	 different	 relationships	
between	population	and	 land	cover	 than	 in	prehistory	perhaps	due	to	 technological	changes,	
regional	diversification	and/or	overall	increased	productivity.	
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Figure	S8.	REVEALS-based	percentage	vegetation	cover	of	Britain	and	Ireland	(lighter	grey	bars	indicate	x5	
exaggeration),	compared	with	the	archaeological	date	density	summary	for	Britain	and	Ireland,	and	key	UK/Ireland	
derived	palaeoclimate	indicators	from	Crag	Cave	(151),	and	compiled	water	table	reconstructions	from	northern	
Britain	(blue	line,	[148])	and	Ireland	(black	line,	[163]).	
